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ABSTRACT 



On the basis of a new photometric analysis of the Local Group dwarf irregular galaxy NCG 6822 based on observations obtained with 
the Advanced Camera for Surveys onboard the Hubble Space Telescope, we have obtained a new estimate of the extinction of two 
fields located in the southeast region of the galaxy. Because of significant differences in the distance estimates to NGC 6822 available 
in literature, we decided to provide an independent determination of the distance to this galaxy based on an updated and self-consistent 
theoretical calibration of the tip of the red giant branch brightness. As a result we newly determined the distance to NGC 6822 to be 
equal to (m - M)o = 23.54 ± 0.05, and compared our measurement with the most recent determinations of this distance. 

Key words, galaxies: individual (NGC 6822) — Local Group — stars: distances 



1. Introduction 

NGC 6822 is a barred dwarf irregular galaxy (dirr) of type Ir 
IV- V (Gallart et al. 1996, van den Bergh \W9^ belonging to 
the Local Group (LG). This galaxy, discovered by E. E. Barnard 
(1 18841 1. is one of the nearest dIrr to the Milky Way (MW), and ac- 
cording to Cannon et al. (201 1) it is rich in gas and still actively 
forming stars. In addition, NGC 6822 is dark-matter-dominated 
(de Blok & Walter I2000I I. This LG dwarf galaxy is similar in 
size, structure, and metallicity to the Small Magellanic Cloud 
(SMC) and therefore could play a fundamental role in under- 
standing the star formation history in complex stellar systems. 

Several estimates of the metal abundance are found in the 
literature. Skillman et al. (fT989] l estimated [Fe/H] = -1 2 + 0.3 
through optical spectrophotometry, Gallart et al. (1996) found 
[Fe/H] = -1.5 + 0.3 using optical photometry, while through 
the Call triplet absorption lines in red giant branch (RGB) stars 
Tolstoy et al. t2001j give [Fe/H] = -1.0 + 0.3, Venn et al. (l200TT l 
estimated [Fe/H] - -0.49 + 0.22 using optical spectroscopy 
of A-type stars, and finally, using the C/M Asymptotic Giant 
Branch star star ratio Kacharov et al. ( I2012I I and Sibbons et al. 
( |20T2] | found [Fe/H] = -1.3 + 0.2 and [Fe/H] = -1.29 + 0.07, 
respectively. 

NGC 6822 i s locat ed at a low galactic latitude (/ - 25.4°, b - 
-18.4°, Mateo '1998) and is therefore affected by a moder- 
ate foreground extinction. Indeed, according to Schelgel's maps 
([T998l l. updated in Schlafly & Finkbeiner (2011), the MW red- 
dening along the line of sight towards NGC 6822 is about 
E(B - V) = 0.21. The reddening estimates show a clear-cut dif- 
ference between the innermost and outermost regions. Massey 



* Based on observations collected with the ACS onboard the 
NASA/ESA HST 



et al. ([T995]) gave E(B - V) = 0.26 and E(B - V) = 0.45 
in the centre and in the external fields of the galaxy; Gallart 
et al. (fT996] l obtained E(B - V) = 0.24 + 0. 03 in the outer- 
most regions of the galaxy, and Gieren et al. (I2006I I estimated 
E(B - V) = 0.356 + 0.013 in a region near the centre. 

The distance modulus of this dwarf irregular has been esti- 
mated by several authors. Lee et al. ( 119931 ) and Salaris & Cassisi 
(1998) gave (m - M),, = 23.46 + 0.08 and 23.71 +0.14 using the 
RGB tip brightness as a distance indicator; Gallart et al. ( 1996| 
estimate (m - M)o = 23.49 ± 0.08 using UBVRI photometry 
of eight Cepheids; Cioni & Habing (2005) using near-infrared 
(NIR) photometry of AGB stars found (m - M)o = 23.34 + 0.12; 
Gieren et al. (2006) found (m - M)o = 23.312 + 0.021 through 
NIR photometry of Cepheids in the innermost region of NGC 
6822. More recently, significant differences among the dis- 
tance estimates to NGC 6822, based on the use of the classical 
Cepheid period-luminosity relation, have been extensively in- 
vestigated by Feast et al. (2012). These authors adopted a NIR 
JHK photometric dataset of classical Cepheids in the central 
region of NGC 6822 and obtained a (best-value) distance of 
(m - M)o - 23.40 ± 0.05 based on a Large Magellanic Cloud 
(LMC) distance modulus of 18.50 mag, and a mean visual ex- 
tinction Ay - 0.667. A new independent estimate of the distance 
to NGC 6822, based on the NIR period-luminosity relation of 
Miras variables and assuming an LMC distance of 18.50, has 
also been obtained by Whitelock et al. (2012): 23.56 ± 0.03, 
where the error does not account for the uncertainty in the LMC 
distance. 

Because it is crucial to obtain accurate distance determina- 
tions for LG dwarfs and test the self-consistency of independent 
standard candles (Tammann, Sandage & Reindl 2008), we de- 
cided to obtain a new determination of the distance to NGC 6822 
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Table 1. List of images in the three fields, with filter, exposure 
time (s), a (h), and 5 (deg). 

Field Filter Exp. Time (s) a (h) 6 (deg) 



c 


F475W 


559.5 


19.753 


-14.829 


c 


F475W 


559.5 


19.753 


-14.829 


c 


F814W 


559.0 


19.753 


-14.829 


c 


F814W 


559.0 


19.753 


-14.829 


El 


F475W 


559.5 


19.758 


-14.887 


El 


F475W 


559.5 


19.758 


-14.887 


El 


F814W 


559.0 


19.758 


-14.887 


El 


F814W 


559.0 


19.758 


-14.887 


E2 


F475W 


423.0 


19.764 


-14.943 


E2 


F475W 


463.0 


19.764 


-14.943 


E2 


F814W 


883.0 


19.764 


-14.943 


E2 


F814W 


463.0 


19.764 


-14.943 



based on the the tip of the Red Giant Branch (TRGB) method by 
adopting a new theoretical calibration of this distance indicator. 
In passing we note that while the distance measurements based 
on classical Cepheids are related to the young and intermediate- 
age galactic stellar component, the distance estimates provided 
by the TRGB method are tightly related to the old stellar popu- 
lation in the galaxy. 



2. Observations and data reduction 

Our photometric catalog is based on archival Hubble Space 
Telescope (HST) data sets collected with the Advanced Camera 
for Surveys (ACS) (HST proposal GO-12180RI. J. M. Cannon). 
We present here the analysis of three fields, all located in the 
southeast region of the galaxjQ. The three fields were labelled C, 
El, and E2, from the inside to the outside. Field, filter, exposure, 
and coordinates of our data set are listed in Table [1] 

As a first step, we corrected the images for the known dis- 
tortion effects using the pixel area map (PAM). Photometry on 
individual images was performed using the photometric package 
DAOPHOT (Stetson|T987), and the simultaneous photometry on 
the four images was carried out using ALLFRAME (Stetson 
11994) . We assembled three catalogues — one for each field — 
containing -140,000, -42,000, and -12,000 stars, from the in- 
nermost to the outermost field. The data calibration was carried 
out using the VEGAMAG system (Sirianni et al. 2005.) once 
adopting the most updated zero pointfl 

We thus obtained three F814W, F475W-F814W colour 
magnitude diagrams (CMDs), one for each field. Before 
analysing the three CMDs in more detail, we focused on the 
CMDs of the external fields. El and E2. Considering that each 
of the two fields contained a relatively small number of stars, we 
exploited the possibility to increase the statistics by merging the 
two catalogues. First, we computed the ridge-lines of the main 
sequence (MS) and the RGB for field El and superimposed them 
onto the CMD of field E2. Fig. [T] shows the resulting excellent 
overlap. Therefore, to study a sample of higher statistical signif- 
icance, we merged the CMDs of fields El and E2 and hereafter 
only a single CMD — labelled E — is considered as representa- 
tive of the external population of NGC 6822. 

The two CMDs of field C and E are shown in the left and 
middle panel of Fig. |2]including the error bars at different mag- 
nitudes. 
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0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0 
F475W-F814W [MAG] F475W-F814W [MAG] 

Fig. 1. Left: CMD of the El region with the ridge-lines superim- 
posed. Right: CMD of field E2 with the ridge-lines of El super- 
imposed. The values of the ridge-lines are listed in Tab.|2l 



The last step was to find the relative shift in colour (and in 
magnitude) of the two CMDs of fields C and E. After tracing the 
ridge-lines of the two CMDs, we found an excellent superposi- 
tion for 

AE(F475W-F814W) = 0.12 + 0.02 (1) 

and Am = 0. 12 ± 0.02 — hereafter m indicates the apparent mag- 
nitude in F814W band — , as shown in Fig.|2] In other words, an 
excellent agreement is found assuming that field C is 0. 12 redder 
and fainter than the CMD of field E. The associated error simply 
reflects the uncertainty in tracing the ridge-lines because of the 
intrinsic dispersion of the sequences in the CMD. 



' The centre of NGC 6822 is (a, S) = (-19M477i56.6.s, -14rf47m21i) 
^ Available at http://www.stsci.edu/hst/acs/analysis/zeropointSi 



2005.) once 3 Distance and reddening determination 

To provide a new estimate of the reddening of NGC 6822, we 
began by adopting a classical approach. In particular we used 
the CMD of the dIrr galaxy IC 1613, whose CMD in the HST 
bands (Bernard et al. 2010) presents a global morphology very 
similar to that of NGC 6822. The similarity of the CMDs sug- 
gests that the two galaxies experienced an analogue star forma- 
tion history. In addition, the reddening of IC 1613 is as low 
as E(B - V) - 0.026 (Bernard et al. 2010). After determining 
the ridge-Hnes of the MS and the RGB of IC 1613 (ridge-Hnes 
for the MS and the RGB of fields C and E of NGC 6822 and 
of IC 1613 are reported in Table |2]i, we applied an appropriate 
shift both in magnitude and colour to obtain the best overlap- 
ping of the ridge-lines. This is shown in Fig. |3] As a result of 
this procedure, we obtained A(F475W - F814W) = 0.59 + 0.02 
and Am - 1.00 + 0.04 as the relative colour and magnitude of 
the NGC 6822 field C with respect to IC 1613. 

On the basis of studying the rich population of variables in 
IC 1613 Bernard et al. (2010) found for the distance modulus of 
this galaxy (m - M)() - 24.40 with an uncertainty (our estimate) 



2 



Fusco et al.: The LG dirr galaxy NGC 6822 (RN) 




Fig. 2. Left: CMD of the innermost field, C. Middle: The CMD 
of the outermost fields, E. The error bars are shown. Right: The 
ridge-Unes of the MS and of the RGB of the fields C (solid 
line) and E (dot line). The ridge-lines of field C blue shifted by 
E(F475W - F814W) = 0.12 and shifted to faint magnitudes by 
Am = 0.12 (see text). 



Table 2. Magnitudes in the F814W band associated to each 
colour F475W-F814W for the ridge-lines of fields C, E, and 
forIC 1613. 



Colour 












'"/rifin 


2.5 








21.17 


20.07 


20.95 


2.4 








21.46 


20.38 


20.99 


2.3 








21.81 


20.64 


21.17 


2.2 








22.24 


20.88 


21.48 


2.1 








22.75 


21.11 


21.92 


2.0 








23.35 


21.36 


22.49 


1.9 








24.07 


21.64 


23.20 


1.8 








24.91 


21.98 


24.05 


0.5 


24.43 


26.54 


24.90 








0.4 


23.83 


26.47 


24.33 








0.3 


22.94 


2641 


23.46 








0.2 


21.78 


26.28 


22.29 








0.1 


20.33 


26.02 


20.83 








0.0 


18.61 


25.56 


19.07 








-0.1 


16.61 


24.84 


17.02 









of ~0.05. Therefore we estimate the distance modulus of NGC 
6822 as (m - M)o = 23.40 + 0.06. 

An independent estimate of the distance to NGC 6822 can be 
obtained using the luminosity of the RGB tip (TRGB) (Lee et al. 
I1993I I. The basic idea of this technique is that the TRGB marks 
the He ignition in electron degenerate cores of low-mass stars, 
i.e. stars with masses below ~ 2M0, corresponding to population 
ages older than 1.0-1.5 Gyr 

The TRGB bolometric magnitude is weakly dependent on 
the initial stellar mass for ages older than 4 Gyr because, for 
a given initial chemical composition, the TRGB level is deter- 
mined by the He-core mass at the He flash, which is fairly con- 



Fig. 3. Ridge-lines of the MS and RGB of the fields C (solid 
line) and IC 1613 (dashed line). The colour shift applied to the 
ridge-lines of the two galaxies to overlap them corresponds to 
A(F475W - F814W) = 0.59 + 0.02. 



stant in this age range. The core mass at the He-burning ignition 
decreases for increasing metallicity, while the TRGB bolometric 
luminosity increases. This is so because the increased efficiency 
of the H-burning shell largely compensates for the reduced core 
mass. However, according to the models of stellar atmosphere, 
the bolometric correction in the I-Cousin band nearly compen- 
sates for the intrinsic increase in the bolometric luminosity of the 
TRGB. The net eff'ect is that M™°^ should be largely constant 
with M™'^^ X! -4 and weakly dependent on ages and metallic- 
ities for ages older than 4-5 Gyr and metallicities lower than 
[Fe/H]<-0.7 (Lee et al. [19931 Salaris & Cassisi l2005l l. These 
model predictions are shown in the upper panel of Fig. |4l For 
this reason the calibration of the TRGB brightness in the I-band 
(or in similar bands such as F814W) as a function of the metal- 
licity can be used as a standard candle for resolved old stellar 
populations. 

However, even if the TRGB is an extremely powerful dis- 
tance indicator for homogeneous stellar populations, when ap- 
plied to multi-age stellar systems - such as those hosted in LG 
dwarfs- it should be used with caution. The problem is that even 
if weak, the dependence on the age of the TRGB is not com- 
pletely negligible. Consequently, a poor knowledge of the star 
formation history could affect the estimate of the distance, as 
discussed by Tammann & Reindl ( 2012) . The presence of a well- 
populated RGB in the CMD of a stellar system with a complex 
formation history does not guarantee that the RGB is populated 
only by old stars. To overcome this difficulty, several studies, 
both observational (Rizzi et al. 120071) and theoretical (Bellazzini 
2008, Cassisi & Salaris 12012!) have been carried out and con- 
cluded that the calibration of the TRGB absolute magnitude as a 
function of its intrinsic colour has the advantage of minimising 
the eff'ect of the star formation history of the star population. 

On the basis of these considerations, we decided to estimate 
the distance to NGC 6822 by adopting the calibration of the 
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Fig. 4. Top panel: the luminosity of the TRGB in the F814W- 
band as a function of the metallicity for different ages (12 Gyr: 
solid line; 9 Gyr: dotted line; 6 Gyr: dashed line). Bottom panel: 
the luminosity of the TRGB as function of the colour on the 
TRGB for different ages (12 Gyr: solid line; 9 Gyr: dotted line; 
6 Gyr: dashed line). Different metallicities are indicated by the 
small dots. 



TRGB brightness as a function of both the metallicity and in- 
trinsic colour 

Concerning the theoretical calibration of the TRGB, we 
relied on the BaSTI stellar models (Pietrinferni et al. 120041 
I2OO6I 1. updated with conductive opacity evaluations by Cassisi 
et al. (I2007I I. which produces TRGB luminosities fainter by 
~ 0.08 mag with respect to the standard BaSTI models. 

To determine the apparent magnitude of the RGB tip in NGC 
6822 we adopted the technique suggested by Lee et al. (1993), 
which consists of using an edge-detection algorithm - the Sobel 
kernel - with the appropriate mask [- 1 , -2, 0, +2, + 1 ] . Applying 
this convolution filter to old stellar systems whose AGB pop- 
ulation is sparse, the signature of the tip appears as a sharp 
peak along the luminosity function (LF) of the RGB. AGB stars, 
which are brighter than those on the RGB, do not affect this tech- 
nique since they have a shorter evolutionary time scale. To deter- 
mine the LF of the RGB we considered all stars belonging to the 
RGB with 19.0 < m < 22.5 and within 3cr„ from the ridge-line, 
where cTm is the uncertainty in colour associated to the ridge- 
line itself at a given magnitude. The LF for the inner field C and, 
for comparison, for the outer fields E, are shown in Fig.|5]along 
with the result of the convolution of the RGB LF with the Sobel 
kernel. 

Scrutiny of Fig. |5] provides the apparent magnitude of the 
tip in the central and external field as m™*^* = 19.99 + 0.02, 
and m™*^^ = 19.90 + 0.02 respectively, where the error has 
been adopted as half of the bin size. As expected, the TRGB for 
the innermost field is significantly fainter than that of the out- 
ermost field. The corresponding colour of the TRGB for field 
C is readily obtained from the RGB ridge-line, which gives 
(F475W - F814W)™'^ = 3.00 + 0.02. 



Fig. 5. The LF of the RGB of field C (top) and of field E (below) 
of NGC 6822. The dotted line shows the convolution of the LF 
with the Sobel kernel, while the arrow marks the location of the 
TRGB. 

The estimate of the dereddened TRGB colour was al- 
ready discussed at the beginning of this section. The red- 
dening of IC 1613 was adopted from Bernard et al. ( 1201 Oi l 
as E(B - V) = 0.026 and was transformed into the appropri- 
ate HST bands by using Table 3 of Bedin et al. (2005]l, 
who provided the relationships between the colour excess 
E(B - V) and the extinction coefficients in different HST 
bands for cool stars. By interpolating on data in this ta- 
ble we derived E(B - V) = 0.56E(F475W - F814W) and 
Af814w = 0.98E(F475W - F814W). By applying these transfor- 
mations we obtained the extinction and the absorption of IC 
1613 in the HST bands as E(F475W - F814W) = 0.046 and 
Af814w = 0.045. 

Using the relative reddening found for NGC 6822, we de- 
rived the dereddened colour and apparent magnitude of the 
TRGB for field C: 



(F475W - F814W)™™ = 2.36 + 0.04 



TRGB 

'o,c 



19.41+0.03. 



(2) 



(3) 



In principle, to use the TRGB as distance indicator, an esti- 
mate of the average metallicity of the population of NGC 6822 
is required. The upper panel of Fig. |4] based on BaSTI mod- 
els, shows the dependence of the luminosity of the TRGB on 
[Fe/H]. Scrutiny of this figure discloses that in the metallicity 
range about -2.0 < [Fe/H] < -0.8 and in the age range between 
about 6 and 12 Gyr, the absolute magnitude of the tip is nearly 
constant, ranging from M™™ = -4.13 to M™™ = -4.05. 
We therefore adopted M™™ = -4.10 + 0.04. On the basis of 
this calibration we estimated the true distance modulus of NGC 
6822 as (m - M)o = '"oc^^-M™'^^ = 23.51 + 0.05. This value 
is marginally consistent with the distance modulus found at the 
beginning of this section. Even if this is not particularly surpris- 
ing because our first estimate was based on the variables of IC 
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1613 as distance indicators, while this second estimate is based 
on a theoretical calibration of the TRGB, nonetheless, this dis- 
crepancy could be regarded as an indication of the metallicity of 
the bulk of the population of NGC6822. Indeed, assuming that 
the distance modulus is (m - M)o = 23.40 + 0.05, it would fol- 
low that M™|4^ = -4.07, and consequently, from Fig.|4] the av- 
erage metallicity of NGC 6822 would be about [Fe/H] ~ -1.0. 

To overcome the uncertainty in metallicity, which reflects in 
the adopted M^j^^ value and, then, on the distance, we used 
as a final approach the theoretical TRGB magnitude-colour rela- 
tionship. The calibration of this parameter is shown in the lower 
panel of Fig.|4] We emphasize that as shown in the figure, in this 
case the dependence of the TRGB on the age of the stellar pop- 
ulation age is almost vanishing while the effect of metallicity is 
obviously included in the colour. An overall best fit to these data 
gave 

M™™ = 0.08 • col^ - 0.40 ■ col - 3.63, (4) 

where col = (F475W - F814W)o and with ax^ equal to 0.003. 

Using the colour found in equation (|2]i for field C of NGC 
6822, this relationship gives M™'^^^ = -4.13 + 0.01, where 
the error accounts only for the uncertainties on the TRGB bright- 
ness and colour 

Using the TRGB dereddened apparent magnitude of Q, we 
obtained a true distance modulus, (m - M)() - 23.54 + 0.05. The 
two distance determinations based on two diff'erent parameters, 
i.e. on the luminosity and on the colour of the TRGB, agree ex- 
cellently and we conclude that the distance modulus of NGC 
6822 is (m - M)o = 23.53 + 0.05. 

4. Conclusions 

We carried out an analysis of the dIrr NGC 6822 using photo- 
metric data collected with the ACS detector onboard HST. The 
data analysis was performed using the photometry package soft- 
ware DAOPHOT, supported by ALLFRAME. We obtained very 
accurate CMDs for three distinct fields of view. In our analysis 
the CMDs corresponding to the two outermost fields were con- 
sidered as a unique CMD, because they overlap perfectly. The 
results obtained in this paper are summarized as follows: 

- We studied the reddening and first investigated the pos- 
sible diff'erential reddening, which we estimated to be 
AE(F475W - F814W) = 0.12 + 0.02. Then we evaluated the 
colour excess E(B - V) by a comparison with the CMD of 
another dliT, IC 1613, and found E(B - V)c = 0.37 + 0.02 
and E(B - V)e - 0.30 + 0.032 for the innermost and outer- 
most fields; 

- We estimated the distance modulus with a new and never 
before used method, the tip of the RGB. This yielded a theo- 
retical calibration of this standard candle based on the TRGB 
brightness - colour relationship, which we applied to our data 
set. The result is (m - M)() - 23.54 + 0.05. Although higher 
by about 0.14 mag, this distance estimate agrees - within 
the quoted uncertainty - with the distance measurement pro- 
vided by Feast et al. (2012). However, it is also worth noting 
that the measurement by Feast et al. (2012) was based on the 
assumption that the LMC distance modulus is equal to 18.50. 
Accordingly, when accounting in the error budget for the still 
substantial uncertainty (at least of the order of 0.05 mag) in 
the adopted LMC distance (Tammann et al. 2006), it is clear 
that the distance estimates based on classical Cepheids and 
the TRGB method are quite consistent. 
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